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a b s t r a c t
Fine structure in proton emission from the 7/2− [523] ground state and from the 1/2+ [411] isomer in deformed nucleus 141 Ho was studied by means of fusion-evaporation reactions and digital signal processing.
gs
Proton transitions to the ﬁrst excited 2+ state in 140 Dy, with the branching ratio of I p (2+ ) = 0.9 ± 0.2%
m +
and I p (2 ) = 1.7 ± 0.5%, were observed. The data are analyzed within the non-adiabatic weak coupling model assuming a large quadrupole deformation of the daughter nucleus 140 Dy as predicted by
the self-consistent theory. Implications of this result on coexistence effects around N = 74 are discussed.
Signiﬁcant modiﬁcations of the proton shell structure when going from the valley of beta stability to the
proton drip line are discussed in terms of self-consistent theory involving the two-body tensor interaction.
© 2008 Elsevier B.V. Open access under CC BY license.

PACS:
23.50.+z
21.10.Pc
24.10.Eq
27.60.+j

1. Introduction
New experimental advances along the isospin axis require safe
and reliable theoretical predictions of nuclear properties throughout the whole nuclear chart. In this context, of particular importance are experimental data for extremely proton-rich and
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neutron-rich nuclei in which poorly known components of the effective interaction, in particular in the spin-isospin channel, are
ampliﬁed. The isospin dependence of the effective interaction and
the presence of states that are unbound to particle-emission may
have signiﬁcant impact on spectroscopic properties of nuclei, e.g.,
variations in the single-particle (s.p.) shell structure [1].
Theoretical predictions and experimental discoveries in the last
decade indicate that nucleonic shell structure is being recognized
now as a more local concept [2–4]. In this context, a lot of attention has been given to neutron-rich nuclei where spectacular
changes in the neutron shell structure have been seen, including
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the disappearance and emergence of magic gaps [5]. So far, there
have been no strong indications of appreciable variations of the
proton shell structure in proton-rich nuclei. The usual explanation
is given in terms of the conﬁning effect of the Coulomb barrier that
(i) leads to spatial localization of narrow resonances above the proton emission threshold, and (ii) effectively shifts the non-resonant
proton continuum up in energy. While many-body correlations in
proton-rich systems are not going to be very different compared
to stable nuclei, and the threshold effects are much less signiﬁcant
than on the neutron-rich side, one can certainly expect changes
in the effective interaction when moving from the stability valley
towards the proton drip line. To put things in perspective, the stable Ho isotope, 165
67 Ho98 (T = 31/2), contains 24 more neutrons as
compared to the proton emitter 141
67 Ho74 (T = 7/2) discussed in this
work. The corresponding change in the neutron shell structure implies appreciable variation in spin saturation, and this is expected
to impact the tensor components of the interaction; hence spinorbit ﬁelds [6–8].
Proton emitters are spectacular examples of open quantum
systems and a wonderful playground to study coupling between
bound and unbound nuclear states. Proton emitters also provide a
wealth of spectroscopic information on proton and neutron shell
structure in proton-rich nuclei. Measured proton energies, lifetimes, and proton branching ratios (ﬁne structure) allow us to
deduce the angular momentum of the emitted proton and to characterize its wave function inside the nucleus [9–12]. This, together
with properties of collective states in neighboring nuclei, enables
theory to ﬁne-tune nuclear structure models.
This Letter presents the ﬁrst observation of ﬁne structure in
proton emission from two states in an odd- Z , even-N nucleus: the
7/2− [523] ground-state and 1/2+ [411] isomeric state in deformed
141
Ho. The measured decay properties are used to extract information on the wave functions of these unbound deformed Nilsson
levels and on the proton mean ﬁeld in this region.
The discovery of the proton-emitting ground state of 141 Ho
(T1/2 = 4.2(4) ms, E p = 1169(8) keV) [13] was followed by the
observation of proton emission from a short-lived isomeric state
(T1/2 = 8(3) μs, E p = 1230(20) keV) at about 60 keV excitation energy [14]. The deformed Nilsson orbitals 7/2− [523] and 1/2+ [411]
were assigned to 141gs Ho [13] and 141m Ho [14], respectively. In a
subsequent experiment [15], rotational bands built upon these deformed bandheads were identiﬁed. The experimental upper limit
for the ﬁne structure branching ratio I(2+
1 ) was quoted as 1% for
both ground- and isomeric state assuming the energy of the ro140
tational 2+
Dy to be  250 keV [15]. The 2+
1 state in
1 energy
was later measured in Refs. [16,17] to be 202.2(1) keV suggesting
a quadrupole deformation β2 ≈ 0.23–0.24 [18], and thus making
141
Ho, together with 131 Eu [19], a paradigm for a proton emission
from a deformed nucleus.
2. Experiment
The ions of 141gs Ho and 141m Ho ions were produced at ORNL’s
HRIBF using fusion-evaporation reactions with a 20–35 particle nA
54
Fe beam impinging on a 92 Mo target. Beam energies of 300 MeV
and 290 MeV were optimized for target thicknesses of 1.0 and
0.6 mg/cm2 , respectively. Reaction products were separated according to their mass-to-charge ratio, A / Q = 141/25 and 141/26
by the Recoil Mass Spectrometer (RMS) [20]. RMS-selected recoils were implanted into a 65-microns thick Double-sided Silicon
Strip Detector (DSSD, FWHM = 18–25 keV for E p = 1.17 MeV) after
passing trough a thin-foil, position-sensitive Micro Channel Plate
(MCP) detector and being slowed down to about 60–70 MeV by a
degrader foil. The ﬂight time through the separator was 2.2 μs.
The production cross sections were evaluated to be 1.4 μb at
300 MeV and 240 nb at 290 MeV for 141gs Ho and 141m Ho, re-

53

Fig. 1. The energies of decay signals within 1–16 ms after the implantation of 141 Ho
ions. An energy difference of 201(6) keV was obtained for two observed proton
peaks, the known transition at 1169(8) keV [13] and the peak at 0.97 MeV corresponding to a proton transition to the 202.1 keV 2+ level in 140 Dy [16].

spectively, at the RMS transmission of 5%. In the ﬁrst 90-hour
experiment on 141gs Ho, the DSSD was backed with a 0.5-mm thick
Si detector (FWHM = 75 keV for Eα = 5.5 MeV). The signals from
all detectors were read by the Digital Gamma Finder (DGF) modules [21] and analyzed on-board. The 141gs Ho proton transition
of 1169(8) keV [13] was used to establish the offset-free energy
calibration of proton induced signals analyzed in the digital detection system [21]. The energy spectra of emitted protons were
obtained using time and pixel correlations with implanted ions,
requesting an energy difference below ±4% for the coincidence
signals recorded in the front and back DSSD strips [22], and requiring an anticoincidence condition with the Si detector behind
the DSSD. For the 141m Ho measurement (85 hours with a steady
35 particle nA 54 Fe beam), four 0.7-mm thick Si detectors forming sides of a box upstream of the DSSD (Si-box) detecting the
DSSD-escaping protons were added, and a 4-mm thick Si(Li) detector replaced the 0.5-mm Si counter [23]. The signals counted
by the Si-box detectors (FWHM = 60 keV for Eα = 5.5 MeV) and
Si(Li) detector (FWHM = 120 keV for Eα = 5.5 MeV) were used to
veto the DSSD-recorded energy spectra and allowed us to reduce
substantially the background below the main 141m Ho proton peak,
compare [24]. Due to the short half-life of 141m Ho, the DGF modules serving the DSSD were programmed to trigger only for events
where the recoil implantation signal was followed by the decay
within the 0.5–40 μs time range (“proton-catcher” mode [25]).
The waveforms (traces) containing both recoil and decay signals
were stored for further analysis. For the sake of analysis of 141m Ho
data, a database of normalized single pulse reference traces was
constructed. A full range trace ﬁt, with two reference traces (for
recoil and decay) and a constant baseline, was performed for each
event. Scaling factors for both traces are free parameters of the
ﬁt and are proportional to the energy deposited by the heavy ion
or proton in the DSSD. The offset-free energy calibration was performed using the Ep = 959.7(28) keV protons [26] from 113 Cs decay
(T1/2 = 18.3(3) μs [27]) and veriﬁed using the main 1235(9) keV
proton transition from 141m Ho [15], see [24] for more details.
Fig. 1 shows the energy spectrum of 141gs Ho decay signals between 1 ms and 16 ms after recoil implantation. Apart from the
main peak and the proton escape events, a peak at the energy
of 0.97 MeV was detected. The energy difference of 201(6) keV
between the main peak and the satellite one is consistent with
140
the energy of the 2+
Dy. The peak areas of 57(12) and
1 state in
6360(80) counts in the satellite and main peak, respectively, yield
gs
the branching ratio I p (2+
1 ) = 0.9(2)% for proton emission from
141gs
Ho. One-component exponential ﬁt to the decay pattern of
the main peak gives a more precise half-life value of 4.1(1) ms for
141gs
Ho. The energy spectrum of 141m Ho decay events within 40 μs
after ion implantation is presented in Fig. 2 (panel (a)). Panel (b)
shows the decay pattern of the main peak together with the exponential ﬁt yielding value of T 1/2 = 7.4(3) μs for 141m Ho. The time
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Fig. 2. (a) Energy spectrum of 141m Ho decay signals between 0.5 and 40 μs after
the recoil implantation. The energy difference of 204(11) keV between two observed peaks was determined using the calibration procedure based on the known
959.7(28) keV proton line from 113 Cs [26,27] and veriﬁed using known 1235(9) keV
141m
Ho proton peak [15]. Shaded areas correspond to the energy gates used in the
lifetime analysis. The 1.17 MeV proton emission from 4.1 ms 141gs Ho resulted in
about 20 counts present in the spectrum at the left side of the 1235 keV line.
Panel (b) shows the decay pattern of the main peak together with the exponential ﬁt yielding a more precise value of T 1/2 = 7.4(3) μs microseconds for 141m Ho.
(c) Decay pattern of the 1.03 MeV line (horizontally hashed) together with predicted
shape for the T 1/2 = 7.4 μs decay.

distribution of satellite peak events is consistent with the half-life
of 7.4 μs (panel (c)). The proton energy of 1.03(1) MeV agrees very
well with the energy expected for the decay to the 2+ excited
state. On the basis of the observed half-life and energy, we assign
the satellite peak to the proton transition from the 141m Ho state to
the ﬁrst 2+ excited state in 140 Dy. With 13 counts above the background of 4 counts for the satellite peak and 770(30) counts in the
main peak the branching ratio for this transition was calculated to
be I p (2+ ) = 1.7(5)%.
3. Discussion
Decay properties of 141 Ho have been discussed in a number of
theoretical approaches, differing in degree of sophistication [11,28–
30]. Up to now, none of the theoretical approaches employed was
able to explain all measured properties related to the structure and
decay of 141 Ho and 141m Ho, including lifetimes, branching ratios,
and ordering of single-particle levels. This should not come as a
surprise as decay properties of 141 Ho depend crucially on small
components in the wave function that sensitively depend on the
choice and magnitude of couplings considered. Namely, the lifetime of 141 Ho is governed by a small π f7/2 ⊗ 0+ component of the
g.s. wave function of predominantly h11/2 character. The increase
in the π f7/2 amplitude is immediately reﬂected by a faster proton emission. On the other hand, the decay of 141m Ho to 140gs Dy
solely depends on a π s1/2 ⊗ 0+ component, while the transition
m +
to the 2+
1 state (hence the branching ratio I p (21 )) depends on

+
π d3/2 ⊗ 2+
1 and π d5/2 ⊗ 21 partial widths (the s1/2 wave is ex-

cluded by virtue of angular momentum conservation).
Proton emission calculations have been carried out within the
non-adiabatic weak coupling model [31,32] in the recent variant
based on the combination of the R-matrix theory and the oscillator expansion technique [11] that allows for a substantial increase

Fig. 3. Comparison between experimental (; from [18]) and calculated (SLy4, SkM∗ ,
and SkP HFB models [35,36]; HFB14 [40]; FRDM [41]) quadrupole deformations of
even–even Dy isotopes with 74  N  102. Results of the global best ﬁt of Ref. [18]
are also shown (open stars). The oblate-prolate energy difference calculated in the
SLy4 + HFB model for even–even Sm, Gd, and Dy isotopes around N = 76 is shown
in the inset.

of the number of coupled channels. We employed the same successful Chepurnov parameterization [33] of the Woods–Saxon (WS)
optical potential as earlier in Ref. [32]. Compared to our earlier
studies, we now consider the full deformed spin–orbit (s.o.) potential. (See Ref. [34] for the deﬁnition of the average deformed
Hamiltonian.) The inclusion of deformation in the s.o. potential improves the description of the deformed [411]3/2+ proton-emitting
p
gs
131gs
Eu measured to have T1/2 = 26.6(4) ms and I p (2+
1 ) = 24(5)%
[19]. Assuming a spherical s.o. potential, one obtains T1/2 = 34 ms
gs
and I p (2+
1 ) = 39% [32], while our improved calculations give
gs
T1/2 = 18 ms and I p (2+
1 ) = 20% taking the BCS spectroscopic factor u 2 = 0.67.
Many structural properties of 141 Ho, including its spectrum and
decay, depend on its shape deformation. While there is a consensus regarding the large elongation of this system, there is a considerable uncertainty regarding the actual value of quadrupole deformation β2 of 141 Ho and its core 140 Dy. Fig. 3 shows predicted values of |β2 | for even–even Dy isotopes with 74  N  102 obtained
in several theoretical models: Hartree–Fock–Bogoliubov (HFB) mass
models of Refs. [35,36] with SLy4 [37], SkM∗ [38], and SkP [39]
density functionals, the recent HFB14 mass model [40], and the
Finite-Range Droplet Model (FRDM) [41]). For nuclei with N > 84,
experimental information on β2 exists from B ( E2) ↑ rates [18];
these values agree well with the global expression of Ref. [18],
−1/2
β2 = (466 ± 41) E 2+ / A, representing systematic trends. For nuclei close to the stability line, theory does fairly well, with FRDM
slightly underestimating experiment and HFB14 being on the high
side. The situation becomes less clear for neutron-deﬁcient nuclei with N < 82. For N = 74, all HFB models predict a strongly
deformed prolate shape with β2 ranging from 0.34 (SkP, SkM∗ )
to 0.41 (HFB14). The FRDM value is again reduced as compared to
HFB models, β2 = 0.27, while the global ﬁt yields β2 ≈ 0.23. The
difference between the phenomenological expression and HFB calculations is rather surprising, considering the excellent agreement
for heavier nuclei. In order to explain this puzzle, we ﬁrst note that
theory predicts a coexistence between prolate and oblate shapes in
this region. The inset in Fig. 3 shows the oblate-prolate energy dif-
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ference calculated in the SLy4 + HFB model for even–even Sm, Gd,
and Dy isotopes with 72  N  80. While N = 72 and 74 isotopes
are predicted to be prolate, a transition to an oblate conﬁguration
with β2 ≈ −0.2 is expected at N = 76. A similar result has been
obtained in SkM∗ , SkP, and HFB11 models, as well as in FRDM and
NL–SH models [42] where, however, the transition to oblate shapes
occurs at N = 78.
Coexistence between low-lying well-deformed prolate and lessdeformed oblate conﬁgurations may be the reason for an unex140
pectedly large energy of the 2+
Dy and a pronounced
1 state in
steady increase in the moment of inertia of this nucleus up to
J π = 8+ . Interestingly, a low-lying, even-spin, positive-parity excited band has been found in the lighter N = 74 isotones of 136 Sm
[43] and 138 Gd [44]. While this structure has been interpreted as
a γ band, its reduced alignment and irregular behavior at low
spins are not inconsistent with a coexisting conﬁguration. The inﬂuence of triaxiality on 141gs Ho decay was studied in Refs. [11,28],
and it was concluded that coupling to γ -vibrational states was not
able to explain the experimental data.
In view of the above discussion, we adopted the HFB deformation β2 = 0.35 and β4 = −0.05 for the coupled channel
calculations. At this deformation, the [523]7/2− and [411]1/2+
levels are nearly degenerate and appear at the Fermi level of
Z = 67. (A similarly large prolate deformation has been predicted
in Ref. [45] based on the relativistic mean ﬁeld theory.) With this
prolate shape, taking the BCS values u 2 ([523]7/2− ) = 0.84 and
u 2 ([411]1/2+ ) = 0.81, our calculations give T1/2 = 7.8 ms (I (2+
1)=
141
141m
1.3%) and T1/2 = 7.6 μs (I (2+
)
=
1%)
for
Ho
and
Ho,
respec1
tively. The resulting g.s. wave function of 141 Ho g.s. is dominated
by the h11/2 component (78.2%); the total f7/2 amplitude is 12.6%.
This can be compared to 81% of h11/2 and 11.5% of f7/2 obtained
at β2 = 0.29 (and spherical s.o. potential) in [32]. The isomeric
state 141m Ho is predicted to be strongly mixed, with 6.7% of s1/2
component. This can be compared to 11% of s1/2 parentage in the
previous version of our model.
While the reproduction of the data is quite fair, further reﬁnements of the model are possible. They include: (i) inclusion of
coupling with coexisting oblate (or triaxial) conﬁguration in 140 Dy
along the lines of Ref. [46]; (ii) inclusion of pairing interaction in
the weak coupling approach (see Refs. [30,47] for treatment of
pairing within the strong coupling scheme); and (iii) considering
a more realistic optical model potential. The latter point is particularly important as the relative positions of s.p. levels can strongly
impact amplitudes of small components of the wave function of
the parent nucleus that govern proton emission.
Microscopically, signiﬁcant variations of s.p. states with shell
ﬁlling can be caused by the two-body tensor force that is sensitive to the effect of spin saturation. On a one-body level, variation
of the phenomenological s.o. potential due to the tensor force was
studied in the 1980s by either considering an average tensor contribution to the s.o. term [48] or by phenomenologically changing
the s.o. strength with shell ﬁlling [49]. It is only very recently,
stimulated by the new data on neutron-rich nuclei, that the selfconsistent treatment of the effective tensor interactions has been
reintroduced [6–8].
In order to examine the effect of the two-body tensor force
on s.p. states of rare earth nuclei, we carried out spherical selfconsistent HFB calculations with the SkO functional [50] with and
without the tensor term [51]. The relative energies of 2f7/2 and
1h11/2 proton orbitals (determining the 141 Ho g.s. decay), and 2d3/2
and 3s1/2 (determining the 141m Ho decay) are displayed in Fig. 4 as
a function of neutron number. In both cases, inclusion of the tensor
term produces an appreciable contribution to the splitting between
crucial spherical shells when moving away from the line of beta
stability towards the proton drip line. Moreover, the self-consistent
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Fig. 4. The impact of tensor interaction on single-proton canonical states in the
Holmium isotopes with 70  N  102. Upper panel: energy difference between
2f7/2 and 1h11/2 levels. Lower panel: energy difference between 2d3/2 and 3s1/2 levels. Calculations were carried out within the spherical HFB approach without (SkO)
and with (SkO T ) inclusion of the two-body tensor interaction [51].

mechanism present in the HFB results produces enhanced variations as compared to the WS model. Namely, the 2d3/2 –3s1/2
splitting of WS energies changes only by 20 keV when going from
165
Ho to 141 Ho.
In summary, decay properties of 7/2− and 1/2+ states in deformed 141 Ho have been reinvestigated yielding more accurate
half-life values of 4.1(1) ms and 7.4(3) μs, respectively. For the
ﬁrst time in proton radioactivity studies, ﬁne structure in proton
emission from different levels in the odd- Z , even-N parent nucleus was detected, with branching ratios of 0.9(2)% (7/2− ) and of
1.7(5)% (1/2+ ). The structure of proton-emitting states was reanalyzed using an improved non-adiabatic approach. Good agreement
with experimental data was obtained without changing any parameter values but taking the increased quadrupole deformation
as predicted by the self-consistent theory. The large deformation of
140
Dy (also used in [29]) is consistent with the known proton shell
structure around Z = 67. The apparent deviation from systematic
trends at N = 74 might be caused by coexistence effects predicted
in this region by several mean-ﬁeld approaches. To clarify the puzzle of abnormally large 2+
1 energy, lifetime measurements for the
low-spin yrast states of 140 Dy and a search for an excited collective
band in this nucleus are required.
Finally, using the self-consistent HFB theory, we investigated
the neutron number dependence of single-proton states in the Ho
isotopes. We found signiﬁcant variations of proton shell structure
with neutron number. The changes are caused by both the selfconsistency mechanism and the two-body tensor force that significantly impacts the s.p. splitting. This result indicates a direction
for future theoretical reﬁnements of our model.
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